Abstract: Mutations in the gene encoding glucocerebrosidase ( GBA1 ) cause Gaucher disease (GD), a lysosomal storage disease with recessive inheritance. Glucocerebrosidase (GCase) is a lysosomal lipid hydrolase that digests glycolipid substrates, such as glucosylceramide and glucosylsphingosine. GBA1 mutations have been implicated in Lewy body diseases (LBDs), such as Parkinson ' s disease and dementia with Lewy bodies. Parkinsonism occurs more frequently in certain types of GD, and GBA1 mutation carriers are more likely to have LBDs than noncarriers. Furthermore, GCase is often found in Lewy bodies, which are composed of α -synuclein fibrils as well as a variety of proteins and vesicles. In this review, we discuss potential mechanisms of action of GBA1 mutations in LBDs with particular emphasis on α -synuclein aggregation by reviewing the current literature on the role of GCase in lysosomal functions and glycolipid metabolism.
Introduction
Glucocerebrosidase (GCase, Online Mendelian Inheritance in Man [OMIM] # 606463), a lysosomal hydrolase, cleaves the β -glucosyl linkage of glucosylceramide (GC) and glucosylsphingosine (GS). The glucocerebrosidase gene ( GBA1 ) has been mapped to 1q21-22 and is comprised of 11 exons and 10 introns spanning 7.6 kb (Hruska et al. , 2008 ) . Approximately 300 different mutations have been discovered in GBA1 in patients with Gaucher disease (GD) (Hruska et al. , 2008 ) , the most common lysosomal storage disease. GD is an autosomal recessive disorder of sphingolipid metabolism (Jmoudiak and Futerman , 2005 ) . Glycolipid substrates such as GC and GS accumulate intracellularly under conditions of low GCase, particularly in cells of mononuclear phagocyte origin. As a result, macrophages with GC-laden lysosomes, referred to as ' Gaucher cells ' , are produced. ' Gaucher cells ' are a classic cellular hallmark of GD and are found in the liver, spleen, and bone marrow, with coincidental organomegaly (Pennelli et al. , 1969 ; Pastores , 1997 ) .
GD is classified into three clinical subtypes based on the age of onset, clinical signs, and the extent of central nervous system-related symptoms (Futerman et al. , 2004 ) . Type 1 GD is non-neuropathic and is the most common GD type. Although type 1 GD occurs in the general population, Ashkenazi Jews are more likely to contract type 1 GD (Hruska et al. , 2008 ) . While type 1 GD is considered non-neuropathic, a subset of patients show neurological symptoms such as parkinsonism, dementia, and subclinical peripheral neuropathy (Neudorfer et al. , 1996 ; Biegstraaten et al. , 2008 ; Capablo et al. , 2008 ; Alonso -Canovas et al., 2010 ) . Many studies have suggested a link between type 1 GD and Parkinson ' s disease (PD). For example, brains from patients with type 1 GD and Parkinsonism display Lewy bodies (LBs) and loss of substantia nigra (SN) neurons, which are histological signs of PD (Wong et al. , 2004 ) . Type 2 GD is acutely neuropathic and is the most severe form of GD. It often develops in infants of 6 months of age or earlier, and those afflicted with type 2 GD usually die within 2 -3 years after birth. Type 3 GD is chronically neuropathic, and patients show neurological signs later than those with type 2 GD.
GD-linked mutations consist of insertions, point mutations, deletions, frame-shifts, splice junction mutations, and conversion or recombination with a downstream pseudogene (Hruska et al. , 2008 ) . The relationship between clinical phenotype and GBA1 genotype is unclear, as enormous clinical heterogeneity occurs in GD, even among siblings and identical twins (Goker -Alpan et al., 2005 ; Biegstraaten et al. , 2011 ) .
Patients with PD are five times more likely to carry GBA1 mutations than healthy controls (Sidransky et al. , 2009 ) . Moreover, patients with type 1 GD tend to develop Parkinsonian symptoms (Neudorfer et al. , 1996 ) . Therefore, the link between GBA1 mutations and synucleinopathies is noteworthy. In this review, we assess the implications of GBA1 mutations in PD and related neurological diseases.
Parkinson ' s disease, Lewy bodies, and α -synuclein PD is the second most frequent neurodegenerative disorder of the elderly. More than 1 % of the European population > 65 years and more than 4 % of those > 85 years are affected by this disease (de Rijk et al. , 2000 ) . PD is recognized primarily as a movement disorder with symptoms such as rigidity, resting tremor, bradykinesia, and postural instability (Tuite and Krawczewski , 2007 ) .
The neuropathology of PD includes loss of dopaminergic neurons and the presence of LBs in the SN of the midbrain. LBs are an eosinophilic inclusion within the neuronal cytoplasm. The major component of LBs is α -synuclein in the form of amyloid fibrils. However, LBs also contain numerous other proteins and vesicular components (Shults , 2006 ; Wakabayashi et al. , 2007 ; Xia et al. , 2008 ) .
The α -synuclein protein is encoded by the SNCA gene and is highly expressed in neurons, with the majority existing in presynaptic terminals. Mutations in SNCA , including missense, duplication, and triplication mutations, are linked to autosomal dominant familial PD (Farrer , 2006 ) . α -Synuclein binds lipids, such as those in the plasma membrane and synaptic vesicles (Auluck et al. , 2010 ) . Under pathological conditions, α -synuclein aggregates to form insoluble amyloid fibrils via various forms of oligomeric intermediates (Lansbury and Lashuel , 2006 ) . Binding of α -synuclein to lipids seems to modulate its tendency to produce these aggregates (Perrin et al. , 2000 ) .
PD is not the only disease characterized by α -synuclein aggregates. There is a group of neurodegenerative disorders that have abnormal deposition of intracellular α -synuclein aggregates as a common pathological characteristic. This group of diseases is referred to as synucleinopathies, which include PD, dementia with Lewy bodies (DLB), Lewy body-variant Alzheimer ' s disease, multiple system atrophy (MSA), and neurodegeneration with brain iron accumulation (Galvin et al. , 2001 ).
GBA1 mutations in Parkinson ' s disease
In a study involving 16 centers in 12 countries, mutations were screened in the GBA1 coding regions in 5691 patients with PD and in 4898 controls. It showed GBA1 mutations in 6.9 % of patients with PD, whereas it only appeared in 1.3 % of the control group (Sidransky et al. , 2009 ) . In other words, GBA1 mutations are five times more likely to occur in patients with PD than in controls. Additionally, GBA1 mutation frequency may differ by ethnicity. Ashkenazi Jews have GBA1 mutation frequencies from 1/12 to 1/16, and the N370S variant is the most frequent allele, representing 70 % of the mutant alleles (Sidransky et al. , 2009 ). In contrast, other ethnic groups have a GBA1 mutation frequency < 1 % (Sidransky et al. , 2009 ) . GBA1 mutation frequency in Ashkenazi Jews further increases in patients with PD, ranging from 10.7 % to 31.3 % , whereas that of non-Ashkenazi Jewish patients with PD ranges from 2.3 % to 9.4 % (Sidransky and Lopez , 2012 ) . These findings indicate that GBA1 mutations might increase the incidence of PD. Other studies have supported the relationship between GBA1 mutations and PD; that is, close relatives of patients with GD have an approximate 25 % incidence rate of PD Halperin et al. , 2006 ) . Furthermore, the frequency of GBA1 mutations in individuals with Parkinsonism is higher than that of mutations in other PD genes, such as α -synuclein and Parkin .
Some distinctive clinical characteristics are associated with GBA1 -linked PD. For example, the average age of initial diagnosis for GBA1 mutation carriers is 4 years younger than that of non-carriers (Aharon -Peretz et al., 2004 ; Clark et al. , 2007 ; Neumann et al. , 2009 ) . Moreover, more cognitive impairment, and less resting tremor and bradykinesia are reported in the PD of GBA1 mutation carriers (Goker -Alpan et al., 2008 ; Sidransky et al. , 2009 ) .
The role of GBA1 mutations in other synucleinopathies has also been explored. GBA1 mutations were found in 3.5 % (2/57) of patients with DLB, as opposed to 0.4 % (2/554) of controls (Mata et al. , 2008 ) . Another study showed that GBA1 mutations were found in 6 % of 50 patients with DLB, whereas they were found in only 1 % of 99 controls (Farrer et al. , 2009 ) . Not all synucleinopathies are associated with GBA1 mutations. In a study in which all GBA1 exons were examined from 75 brains with synucleinopathies (28 PD, 35 DLB, and 12 MSA), GBA1 mutations were found in 23 % of DLB and 4 % of PD brains, whereas none of the MSA subjects showed a GBA1 mutation (GokerAlpan et al., 2006 ) . Another study independently examined GBA1 mutations in the brains of 108 patients with MSA and 257 controls and failed to identify significant differences between the groups ( p = 0.66) ( Segarane et al. , 2009 ) . In yet another study where N370S and L444P mutations were screened in 66 patients with MSA, no mutation carrier was detected (Jamrozik et al. , 2010 ) . Therefore, GBA1 mutations may not be a general risk factor for synucleinopathies, but may selectively influence Lewy body diseases (LBDs), such as PD and DLB.
It has also been assessed whether GBA1 mutations have effects on other neurodegenerative diseases, such as tauopathy. GBA1 mutations were found in 28 % of patients with DLB, 10 % of patients with Alzheimer ' s disease (AD), and 3 % of controls ( p < 0.001) (Clark et al. , 2009 ) . Although GBA1 mutation frequency in patients with AD is lower than that in patients with LBDs, it is still higher than in control individuals. Therefore, GBA1 mutations may contribute to the incidence of neurodegenerative diseases other than LBD. However, although GBA1 mutation status was not determined, a decrease in GCase activity is only detected in the cerebrospinal fluid of patients with PD (Balducci et al. , 2007 ) and DLB (Parnetti et al. , 2009 ), whereas such a reduction is not observed in patients with AD or frontotemporal dementia (Parnetti et al. , 2009 ) . Furthermore, the enzyme activity and protein levels of GCase were reduced in many brain regions of PD patients carrying heterozygous GBA1 mutations and sporadic PD patients (Gegg et al. , 2012 ) . Neuropathological examinations showed that demented subjects with LB-type pathologic changes were more likely to carry GBA1 mutations than those with AD-type pathologic changes, which showed no difference to control individuals (Tsuang et al. , 2012 ) . The frequency of GBA1 mutation in subjects with mixed pathology of LB-type and AD-type was in between that of pure LB and pure AD subjects, suggesting a strong association between GBA1 mutation and LB-type neuropathological changes. Another study suggested that GBA1 mutation status might be an independent risk factor for cognitive impairment in patients with PD (Alcalay et al. , 2012 ) (also see below for the relationship between GBA1 mutation and LB pathology).
GBA1 mutations and Lewy body pathology
GBA1 mutations have also been investigated in the context of neuropathological changes in various neurodegenerative conditions, and a strong association has been found between GBA1 mutations and LB pathology. Some of the mutant GCase proteins are structurally unstable (Sawkar et al. , 2006 ; Lieberman et al. , 2007 ; Bendikov -Bar et al., 2011 ) , and this may directly affect α -synuclein aggregation. In a study of brain samples from patients with PD and DLB, samples with a homozygous GBA1 mutation showed that > 80 % of the LBs were co-localized with GCase, and those with a heterozygous GBA1 mutation showed a 75 % GCase co-localization rate (range, 32 -90 % ) with LBs, compared to a mean of 4 % in patients with PD and DLB without a GBA1 mutation (Goker -Alpan et al., 2010 ) . In addition, patients with GD and GD carriers with Parkinsonism have LB pathology (Clark et al. , 2009 ) . GBA1 mutation carriers tend to have more cortical LBs (82 % ) than those of non-carriers (43 % ; p < 0.001) (Clark et al. , 2009 ). This finding suggests that Parkinsonism-associated GCase mutants may promote α -synuclein aggregation directly, and have active roles in LB formation. However, because the pattern of GCase colocalization with LBs is diverse among GBA1 heterozygotes (Goker -Alpan et al., 2010 ), GCase mutants may indirectly influence LB pathology, perhaps by sensitizing neurons to mitochondrial damage, environmental insults, and aging.
Additionally, Cullen et al. (2011) showed that when wild type or mutant GBA1 is co-expressed with α -synuclein in MES23.5, PC12, and HEK293 cell lines, α -synuclein accumulation increased only in the mutant GBA1 cell lines, but not in the wild type. In another study, accumulation of α -synuclein increased in cultured cells and the SN of mice following treatment with conduritol B epoxide, a GCase inhibitor (Manning -Bog et al., 2009 ). These results led to the speculation that loss of GCase function may cause α -synuclein accumulation. However, this speculation is probably an over-simplified view, because conflicting results exist. For example, treatment of the model used by Cullen et al. (2011) with conduritol B epoxide does not increase α -synuclein protein levels.
Potential mechanisms underlying the role of GBA1 mutations in synucleinopathies
The role of GBA1 mutations in the pathogenesis of PD and other LBDs is not fully understood. Homozygous GBA1 mutants have deficient GCase activity and cause the formation of Gaucher cells, which are mononuclear phagocytes with abnormal lipid accumulation. However, heterozygous GBA1 mutants have varying degrees of enzyme activity ranging from 50 % to normal levels and do not accumulate lipids Goker -Alpan et al., 2010 ) . Furthermore, the link between deposition of the GCase substrate and clinical signs of GD has been questioned. Based on the current understanding of GCase biology, the effects of GBA1 mutations on α -synuclein metabolism and aggregation can be explained by both gain-of-function and lossof-function mechanisms. Below, we discuss the potential mechanisms by which GBA1 mutations affect α -synuclein aggregation and disease (Figure 1 ) .
Defects in lysosomal function and autophagy
Many of the major neurodegenerative diseases such as AD, PD, and Huntington ' s disease are the result of defects in the lysosome-autophagy pathway (Bahr and Bendiske , 2002 ; Menzies et al. , 2006 ) . Lysosomes are digestive organelles that decompose proteins, lipids, and organelles. Abnormal intracellular protein accumulation appears in both PD and GD, and it may influence disease severity. The mechanism of how mutant GCase causes lysosomal dysfunction is unclear.
Human dopaminergic BE-M17 neuroblastoma cells show a decrease in the number of lysosomes, an increase in cell death, and autophagosome accumulation in a dose-dependent manner when treated with the dopaminergic neurotoxin 1-methyl-4-phenylpyridine (Dehay et al. , 2010 ) . In addition, 1-methyl-4-phenylpyridinetreated cells show enhanced lysosomal membrane permeability, thereby causing release of soluble lysosomal components such as cathepsin D from lysosomes into the cytosol (Dehay et al. , 2010 ) . In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model and postmortem SN of patients with PD, neurons exhibit depleted lysosomes and accumulation of autophagosomes (Dehay et al. , 2010 ) . Similar results have been reported in a mouse model of neuropathic GD, which has a GCase deficiency limited to neural and glial progenitor cells (Vitner et al. , 2010 ) . That study showed changes in cathepsin distribution and elevation of its activity and protein levels. Neuronal loss, astrogliosis, and microgliosis were observed in areas where cathepsin D was elevated, and these areas are known to be affected by the disease (Vitner et al. , 2010 ) . Cathepsin B and D protein levels also increase in other sphingolipidoses models such as Sandhoff, GM1 gangliosidosis, and Niemann-Pick A (Vitner et al. , 2010 ) . Therefore, these results suggest that lysosomal dysfunction is a common feature of PD and GD, and that GBA1 mutations might contribute to these lysosomal abnormalities. Lysosomes are a critical component for all forms of autophagy, including macroautophagy, microautophagy, and chaperone-mediated autophagy. Autophagy-mediated clearance of damaged proteins is particularly important for neuronal survival. Several studies have shown that autophagy is responsible for degradation of α -synuclein aggregates (Lee et al. , 2004 ; Sarkar et al. , 2007 ) , and impaired autophagy is observed in patients with PD and lysosomal storage diseases (Pan et al. , 2008 ; Settembre et al. , 2008 ) . α -Synuclein accumulation by mutant GCase in cell models is ameliorated by rapamycin-induced autophagy in a dose-and time-dependent manner (Cullen et al. , 2011 ) , implicating the role of GBA1 mutations in autophagic dysfunction. However, LC3 and beclin-1, markers of macroautophagy, do not change following starvation of fibroblasts from patients with GD (Pacheco et al. , 2007 ) . LAMP-2 and p62 accumulate in the thalamus, brain stem, and basal ganglia in a mouse model of neuropathic GD, which has a saposin C (an activator of GCase) deficiency and is homozygous for the GBA1 V394L mutation, suggesting impaired macroautophagy (Sun et al. , 2010 ) . Additionally, overexpression of GBA1 mutant D409V in a PC12 cell model results in α -synuclein accumulation, which is rescued by rapamycin (Cullen et al. , 2011 ) . Therefore, GBA1 mutations may cause defects in autophagy, thereby affecting α -synuclein metabolism (Figure 1) .
GBA1 mutations may have very important implications in spreading Lewy pathology through lysosomal dysfunction (Figure 2 ). Neuronal LBs spread to a larger brain area as PD progresses (Braak and Del Tredici , 2008 ) . Synucleinopathy legions are also found in glial cells, such as astrocytes (in PD and DLB) and oligodendrocytes (in MSA). Neither of these glial cells expresses significant amounts of α -synuclein, raising the possibility of transfer of α -synuclein aggregates from neurons to glia. Based on this idea, oligodendrocyte-dominant α -synuclein accumulation in MSA may be explained by impaired clearance of transferred α -synuclein originating from neurons. Recently, direct cell-to-cell α -synuclein transmission has been experimentally demonstrated. 2011 ; Volpicelli -Daley et al., 2011 ) . Neuronal α -synuclein aggregates can be transferred to and accumulate in astrocytes . In cell-to-cell transmission of α -synuclein, GBA1 mutations might exert their effects in both donor and recipient cells (Figure 2) . In donor cells, GBA1 mutations may reduce lysosomal function, shunting the trafficking pathways of multivesicular bodies and autophagosomes to the plasma membrane for exocytosis and also to each other for the formation of amphisomes, which then travel to the plasma membrane for exocytosis. These processes would result in exosome-associated α -synuclein. Lysosomal dysfunction may reduce overall α -synuclein catabolism and result in an increase in the translocation of this protein to secretory vesicles, whose identity is unknown. Exocytosis of these vesicles would generate vesicle-free extracellular α -synuclein. Previous studies have shown that α -synuclein is secreted via unconventional exocytosis (Lee et al. , 2005 ; Jang et al. , 2010 ) , and exosome-associated release has also been suggested (Emmanouilidou et al. , 2010 ; Alvarez -Erviti et al., 2011 ; Danzer et al. , 2012 ) . In recipient cells, internalization of extracellular α -synuclein aggregates may occur through endocytosis of the free protein or through direct fusion of exosomes to the plasma membrane. The transferred α -synuclein is thought to move through the endolysosomal pathway and to be degraded in lysosomes (Lee et al. , 2008 ) . However, under conditions of compromised lysosomal function, the transferred α -synuclein accumulates and leads to the formation of Lewy-like inclusions in cell models (Desplats et al. , 2009 ). This transcellular α -synuclein transmission may ultimately lead to neuronal death (Desplats et al. , 2009 ; Volpicelli -Daley et al., 2011 ) . Partial breakdown of internalized aggregates may also increase the number of ' seeds ' for α -synuclein aggregation and lead to increased release of recycled and newly-assembled α -synuclein aggregates. Whether GBA1 mutations play a role in these α -synuclein transmission steps is an important question that should be addressed in future studies.
Endoplasmic reticulum-associated protein degradation and the ubiquitin proteasome system
The endoplasmic reticulum (ER) maintains protein folding homeostasis with its own quality control system. If misfolded proteins are detected in the ER, the proteins cannot move from the ER to the Golgi apparatus. Some of these proteins are ultimately destined to be degraded by being translocated to the cytosol through the Sec 61 ER membrane translocator (Scott and Schekman , 2008 ) or other ER proteins, such as derlin-1 (Lilley and Ploegh , 2004 ; Ye et al. , 2004 ) . The misfolded proteins are ubiquitinated in the cytosol and degraded by proteasomes (Ciechanover and Brundin , 2003 ) . This process is referred to as endoplasmic reticulum-associated protein degradation (ERAD). Several studies have been carried out to determine the relation between ERAD and GD, also ERAD and PD. Some of these studies show that mutant GCase is degraded via ERAD in the fibroblasts of patients with GD (Ron and Horowitz , 2005 ; Bendikov -Bar et al., 2011 ) . Furthermore, the E3 ubiquitin ligase Parkin, which is implicated in autosomalrecessive juvenile PD, interacts with misfolded GCase, whereas wild-type GCase does not interact with Parkin (Horowitz and Ron , 2009 ) . ER retention of mutant GCase promotes Parkin-dependent ERAD of this mutant protein. Furthermore, when proteasomes are pharmacologi cally inhibited, Parkin stimulates accumulation of GCase in aggresome-like structures. Considering these results, it is tempting to speculate that expression of GBA1 mutations may delay degradation of natural Parkin substrates, resulting in accumulation of these substrates. This may lead to overload of the ubiquitin-proteasome system, disturbing global cytoplasmic proteostasis, and affect α -synuclein metabolism and formation of inclusion bodies (Figure 1 ).
Lipid alterations and accumulation
Alterations in membrane lipid composition are thought to be an important factor affecting the interaction between α -synuclein and lipid membranes (Kubo et al. , 2005 ) . Changes in lipid composition may occur through oxidative modifications or metabolic alterations ( O ' Donnell et al., 1999 ; Mosca et al. , 2011 ) . Significant alterations in membrane lipid composition, such as sphingolipidoses, have been reported in lysosomal storage diseases (Walkley , 2004 ) . Thus, GCase dysfunction may lead to changes in membrane sphingolipid composition, interfere with α -synuclein binding to the membrane surface, and stimulate aggregation of α -synuclein in the cytoplasm ( Figure  1) . A recent study demonstrated that GC directly promotes oligomerization of α -synuclein (Mazzulli et al. , 2011 ) . In addition, lysosomal dysfunction and accumulation of GC and α -synuclein were observed in primary neurons deficient in GCase and in induced pluripotent stem cells derived from the fibroblasts of a patient with GD (Mazzulli et al. , 2011 ) . These models show α -synuclein-mediated neurotoxicity, and increased levels of α -synuclein inhibit intracellular GCase trafficking. As a result, GCase activity decreases and GC accumulates. Therefore, these results suggest a positive feedback loop between α -synuclein accumulation and GCase abnormalities. In contrast, another series of in vitro studies showed that binding of gangliosides inhibits the aggregation of α -synuclein (Martinez et al. , 2007 ; Wei et al. , 2009 ) . Therefore, the effects of the direct binding of glycosphingolipids on α -synuclein aggregation remain controversial.
GS levels were examined in the brains of 13 patients with GD (one type 1, eight type 2, and four type 3) and showed that the brains of patients with type 1 have normal levels (1.0 ng/mg) of GS, but that patients with type 2 have 24 -437 ng/mg, and patients with type 3 have 14 -32 ng/mg (Orvisky et al. , 2002 ) . However, GBA1 mutations may not only affect GC and GS substrates but also cause global changes in cellular lipid composition. GC increases 12 times in THP-1 macrophages treated with conduritol B epoxide compared to that in control macrophages (Hein et al. , 2007 ) . A subcellular fractionation study in the same cell model showed that GC is distributed in all subcellular compartments, with lysosomes being the largest pool for this lipid (Hein et al. , 2007 ) . The amounts of other lipids increase, including ceramide, dihexosylceramide, trihexosylceramide, and phosphatidylglycerol (Hein et al. , 2007 (Hein et al. , , 2008 . These changes in glycosphingolipids may particularly affect lipid raft function by interfering with the sorting and trafficking of proteins and lipids associated with the rafts. Notably, α -synuclein is localized in some of the lipid rafts in neuronal cells (Fortin et al. , 2004 ; Kubo et al. , 2005 ) . Therefore, it is speculated that GBA1 mutation-induced lipid changes may alter the interaction between lipid microdomains and α -synuclein.
Another hypothesis is that alterations in ceramide metabolism regulate LB formation. Ceramide is a GCase product, and a genetic-association study has suggested that several genes related to ceramide metabolism are associated with LB pathology (Bras et al. , 2008 ) . Furthermore, inclusion of α -synuclein in Caenorhabditis elegans increases by 35 % due to deletion of the Lagr-1 gene, a ceramide synthase homologue (van Ham et al. , 2008 ) . As the loss-of-function GBA1 mutations would not produce ceramide, Lagr-1 deletion phenotypes may reflect the pathogenic roles of loss-of-function GBA1 mutations.
Physical interaction between GCase and α -synuclein was demonstrated in acidic conditions, which mimicked the lysosomal lumen (Yap et al. , 2011 ) , and further investigation by the same group showed that membrane-bound α -synuclein interacted with GCase and inhibited the enzyme activity (Yap et al. , 2013 ) . Magnetic resonance spectroscopic imaging study with PD patients with heterozygous GBA1 mutations showed neurodegeneration in the putamen and the midbrain, and this seemed to be associated with alterations of phospholipid metabolism (Brockmann et al. , 2012 ) . Altered function or abnormal aggregation of α -synuclein might explain these pathological changes.
Mitochondrial dysfunction
Mitochondrial defects are associated with several neurodegenerative diseases, and have been reported in some lysosomal storage disorders. For example, mitochondrial cytochrome C oxidase activity decreases in a mouse model of GM1 gangliosidosis, and mitochondrial membrane potential and morphology changed subsequently (Takamura et al. , 2008 ) . A mouse model of GM2 gangliosidosis also showed an abnormality in the number of mitochondria and fission (Jeyakumar et al. , 2009 ). The role of GBA1 mutations in mitochondrial function has not been studied extensively. However, given the relationship between lysosomal and mitochondrial functions, as well as the effects of mitochondrial deficiency on α -synuclein aggregation, the role of mitochondria in GBA1 mutation-induced α -synuclein pathology is of potential importance (Figure 1 ).
Conclusions and outstanding questions
Genetic and pathological studies suggest that GBA1 mutations are implicated in LBDs, such as PD and DLB, ranking them as one of the most important genetic risk factors for these diseases. GBA1 mutations might also be associated with other neurodegenerative diseases such as AD, but the evidence is sparse and weak compared to that for LBDs. Both gain-of-function and loss-of-function mechanisms have been suggested as ways in which GBA1 mutations act during the disease process. Specifically, lysosomalautophagic dysfunction, defects in ERAD, and alterations in membrane lipid composition have been proposed as mechanisms by which GBA1 mutations cause LBDs and α -synuclein accumulation. Adeno-associated virus (AAV)-mediated expression of GCase reversed the abnormal accumulation of glucosylsphingosine and reduced the levels of proteinase K-resistant α -synuclein in symptomatic GBA1 (D409V/D409V) mice (Sardi et al. , 2013 ) . Furthermore, overexpression of GCase in A53T α -synuclein mice reduced the levels of soluble α -synuclein. These studies suggest that enhancing GCase activity is a potential therapeutic strategy for synucleinopathies with or without GBA1 mutations.
Although the link between GBA1 mutations and LBDs is a breakthrough in the field of LBD pathobiology, several critical questions remain. Why are the synucleinopathies most closely associated with GBA1 mutations among neurodegenerative diseases ? Why is MSA not associated with GBA1 mutations even though it is a synucleinopathy ? Which cellular alterations caused by GBA1 mutations are the most critical and relevant to LBDs and, particularly, to α -synuclein aggregation ? How do GBA1 mutations influence transcellular α -synuclein transmission ? It is likely that we will enter a novel aspect of disease mechanisms by addressing these questions, which might provide insights into developing new therapies for LBDs.
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